This work has experimentally investigated the characteristics of filtration followed by consolidation dewatering of an alum sludge, with especial attention to the effects of adding ionic surfactants (SDS or CTAB). The filtration and consolidation stages at a pressure of 3000 psi were discussed separately. The efficiency of filtration is enhanced in the presence of surfactant molecules; however, the cationic surfactant (CTAB) raises the consolidation rate while the anionic surfactant (SDS) retards it. A newly proposed rheological model has been employed for interpreting the consolidation data. CTAB would not alter markedly the moisture distribution in the sludge, but SDS does increase markedly the amount of the tightly bound moisture by diminishing the portion occupied by pore water. The possible role of surfactants in the sludge flocs is considered. Both surfactants can be used as conditioning aids during the filtration stage. However, the applications of SDS to the consolidation stage are not encouraged.
INTRODUCTION
The way to achieve better dewatering of sludge is of essential importance in water and wastewater treatment plants. After chemical conditioning, the sludge is usually dewatered by mechanical means, such as a filter press or vacuum filter. Surfactants often appear in a vast amount in sewage sludges (1) . The possible interactions between surfactant and polymer may lead to an excess polymer dose to achieve the same dewatering performance of sludge.
Surfactant molecules may be absorbed onto the solid's surface in the following six ways before its concentration exceeds the critical micelle concentration (CMC): (a) ion exchange, (b) ion pairing, (c) acid-base interaction (hydrogen-bonding), (d) adsorption by polarization of electrons, (e) adsorption by dispersion force (Van der Waals force), and (f) hydrophobic bonding (2) . The characteristics of particle surface and dewaterability would definitely alter according to the adsorption of surfactant molecules. However, information about the effects of ionic surfactants on the dewatering performance of sludge is largely lacking.
Compression is widely employed in industries to separate liquid from a cake by mechanical pressure (3) . In practice, first the sludge is filtered to form a filtration cake, which is then directly consolidated by a membrane or a piston for further dewatering. Shirato and co-workers (4 -10) and Tiller (3) made substantial contributions toward the understanding of constantpressure consolidation. A brief review is available in (11, 12) . Knowledge about the underlying mechanisms for filtration followed by consolidation dewatering of sludges, nevertheless, has been still far from satisfactory.
Shirato et al. (7) adopted the combined Terzaghi-Voigt rheological model for describing the consolidation stage, and the cake thickness was obtained in the following manner:
2 cͪ ͬ ϩ B͓1 Ϫ exp͑Ϫ c ͔͒. [1] In Eq. [1] , U c is the consolidation ratio, L the cake thickness, L 1 and L f , respectively, the initial and final cake thickness, B the fraction of moisture removed by the secondary consolidation, C e a parameter corresponding to the cake resistance to fluid flow, i the number of drainage, 0 the specific cake volume, c the consolidation time, and the creep factor, demonstrating the easiness of the relative mobility of constituting particles. Equation [1] is claimed to cover the whole consolidation process except for a short period after startup. Notably, inasmuch as the first exponential term in the righthand side of Eq. [1] usually decays much faster than the second one, at a large consolidation time, an asymptotic form can be obtained as in the following:
Restated, a linear ln(1 Ϫ U c ) versus c relationship holds at the final stage of consolidation. Some works had verified the applicability of Eq. [1] to certain sludges, such as some particulate slurries (8 -10), a polymer flocculated sludge (13) , an alum coagulated sludge (14) , and a mixed sludge (15) . Valuable information on the interactions between conditioning agents (polymer or alum) with the sludge particles was extracted from these studies. We had discussed in this paper the effects of cationic or anionic surfactants on the filtration followed by consolidation characteristics of an alum sludge. The filtration data were analyzed through classical theory, while the consolidation data were interpreted on the basis of the Terzaghi-Voigt model (Eq. [1] ) and a newly proposed rheological model (16) (discussed latter). According to the experimental results, the role of surfactant molecules in the sludge have been speculated.
EXPERIMENTAL

Samples
A sludge sample was taken from the sediment basins in the Men-Der water treatment plant. Its raw water comes directly from the nearby reservoirs, which are in serious eutrophication condition. A vast amount of algae is present in the plant as well as in the sludge. The chemicals applied in the plant include potassium permanganate as an algaecide and aluminum sulfate as a coagulant. The solid content of the sludge is approximately 10% (VSS is 2200 g C/g) and the sludge appears gray-black in color and is somewhat odorous.
The pH values for the alum sludge ranged from 7.2-7.6, which were adjusted to 8.0 for the sake of consistency among samples. At this pH the zeta potential of sludge was maintained around Ϫ15 mV.
Two surfactants, anionic dodecylsulfate sodium salt (SDS) and cationic cetyltrimethyl-ammonium bromide (CTAB) were used. The mass weights of SDS and CTAB are 288.38 g/mol and 364.45 g/mol, respectively. The surfactants with dosages far below their CMC (critical micelle concentration) were applied and completely mixed with sludge prior to conducting the compression test. The addition of SDS yields a more negative charge, while the CTAB leads to a less negatively charged surface.
In . Their concentrations ranged from 20 -30 mg/L and 5-10 mg/L, respectively. These ranges were very normal for natural waters. The presence of cationic ions should therefore have no significant effect on the surfactant's efficiency.
Compression Test
A constant head piston press (Triton Electronics Ltd., type 147) was employed in all tests. A schematic of the experimental setup can be found elsewhere (13, 14) . The sludge was placed in a stainless steel cylinder of diameter 7.62 cm and of height 20 cm equipped with a free piston. The cylinder is coated with chrome, and at one end there is a port. The high-pressure fluid with a hydraulic pressure of 3000 psi was exerted through the port onto the free piston, which pressed directly the sludge to force the moisture out. An electronic balance connected to a personal computer automatically recorded the time evolution of the filtrate weight. With the filtrate weight versus time data and the true solid density, the time evolution of cake porosity can be subsequently obtained. Figure 1 depicts typical results for the time evolution of the cake porosity change. It is evident that both surfactants have positive effects on the overall filterability of sludge but complicated correlations with the dosages.
RESULTS
Filtration Stage
A complete test contains a filtration stage and a consolidation stage. The transition point is the moment when the piston has just touched the sludge cake, and it can be determined by means of the graphical method proposed by Shirato et al. (6) . The filtration stage data can thereby be differentiated from the overall data set. The average specific resistance (␣ av ) of the sludge filtered at a constant pressure of 3000 psi can be calculated through following procedures. First the filtrate volume versus time relationship was constructed. Next the bestfitting slope of t-V 2 was substituted into the equation for estimating ␣ av ,
FIG. 1.
Cake porosity versus time plot. P ϭ 3000 psi. F, filtration stage; C, consolidation stage; E, final constant-rate period. Arrows indicate the transition points among stages.
where A is the filter area, s the weight fraction of the solid, m the weight ratio of final filter cake to total dry solid in the sludge, and and are the density and viscosity of filtrate, respectively. Other experimental procedures were summarized in (17) . We herein neglect the contribution of bound water to the solid fraction counted in the sludge. Figure 2 depicts the results for ␣ av . This figure indicates that both SDS and CTAB could reduce the average specific resistance of sludge. Restated, the presence of surfactant molecules would efficiently enhance the passage of fluid through the filter cake. Therefore, the surfactant addition is an aid to sludge dewatering during the filtration stage. It is noted as well that the excess surfactant dosage gains no further advantages. Figure 3 depicts the cake volume at the cease of filtration. The cake volume increases with increasing SDS dosage. On the other hand, the interactions between CTAB molecules and the sludge flocs lead to greater variations in cake volume. (Fig. 4b). (Notably, only representative data are depicted in these figures for the sake of clarity.) Restated, a constant-rate (rather than a logarithmically decaying rate) consolidation period appears at the final stage of consolidation, which violates the prediction of the Terzaghi-Voigt model. Considering the overall efficiency of consolidation dewatering, with some data scattering, the addition of CTAB would enhance compression dewatering, while SDS retards it. This is in contrast to the filtration stage where the surfactants could only enhance dewatering regardless of the sign of the surfactant's charge.
Consolidation Stage
Figures 5 and 6 illustrate the best-fitting coefficients B and on the basis of Eq. [1] . The Terzaghi-Voigt model assumes a visco-elastic sludge cake. Lower B and greater values, that is, a less viscous and more elastic sludge cake, are favorable to dewatering (13) (14) (15) . The B values for sludges with or without surfactants are almost invariant (Fig. 5) , indicating that the contribution of secondary consolidation is not affected by the presence of surfactants. However, the surfactant molecules do have an effect on the creep factor, . According to the data depicted in Fig. 6 , the creep factor decreases with addition of SDS, and increases when CTAB is added. Therefore, according to the conventional Terzaghi-Voigt model, the adsorption of cationic surfactant molecules onto the particle surface makes the relative movement of particles easier, while the anionic surfactant molecules have the opposite effect. The role of electrostatic repulsion may be therefore of significance.
Deviation from the conventional Terzaghi-Voigt model occurs in all tests depicted in Fig. 4 solidation stage becomes more important with SDS. On the other hand, the CTAB has the opposite effect.
The modified model by Chang and Lee (16) is a three-stage model (Fig. 7 ) stated as
where e, , c , and P s are the void ratio, specific volume of wet cake, consolidation time, and consolidation pressure, respectively. The first, second, and third term of the right-hand side of Eq. [4] represent, respectively, the primary, secondary, and ternary consolidation stages. The first two terms correspond to the conventional Terzaghi-Voigt model addressed in (7). We summarized herein briefly the derivation of the modified model for the sake of completeness. The response of the third term, which is a dashpot of the coefficient of viscosity G 3 , (highly viscous to model the erosion of bound water) is
where a G ϭ (1 ϩ e) 
where C e ϭ (1/ s ␣ av a E ), ␣ av is the average specific resistance of cake during consolidation, ␥ is the ratio a G /a E ϭ E 1 /G 3 , ␤ is the ratio a C /a E ϭ E 1 /E 2 , and and s are filtrate viscosity and solid phase density, respectively. Equation [6] has an analytical solution when considering the appropriate boundary and initial conditions. The cake thickness versus time relationship is found as follows except at a small consolidation time:
The first and the second brackets in Eq. [7] account for the primary and the secondary consolidation stages as discussed in (7), while the third bracket is for the ternary consolidation. (1ϪFϪB) and F are the fractions contributed by the primary and the ternary consolidation, respectively. * c is the total consolidation time. At the c 3 ϱ limit, Eq. [7] becomes
which assumes the final phase as a constant-rate compression.
With an intermediate compression time, Eq. [7] becomes
which is a form similar to, and will reduce to, Eq. [2] if F is small (␥ 3 0). The parameters B*, F, and * can be evaluated via regression analysis of different stages of data on the basis of Eqs. [8] - [9] . Table 1 lists the * c and regressed F values in accordance with Eq. [8] . (Notably, an apparent * c was easily identified in experiments inasmuch as after this specific consolidation time the filtrate suddenly ceases to flow out from the sludge body.) The trend is approximately consistent with the arrows depicted in Fig. 4 . Figure 8 depicts the ln(1ϪFϪU c ) Ϫ c plot. A satisfactory linearity is observed for the intermediate period of the experimental data, thereby supporting the validity of Eq. [9] . The best-fitted B* and * values are also plotted in Figs. 5 and 6. (Note, an asterisk is used to differentiate from the parameters on the basis of Eq. [2] .)
As noted in Fig. 5 , the B* values nearly coincide with B for CTAB, but show certain deviation for SDS. Restated, Eq. [2] would thereby give a fairly good estimate of B for CTABcontaining sludge, but may be erroneous for SDS-containing sludge. This is attributed to the magnitude of the F value estimated which makes a difference between Eqs. [2] and [9] (discussed later).
FIG. 7. Schematics of the rheological model adopted in (16).
On the other hand, the newly found * values are higher than those of Eq. [2] . Furthermore, the addition of SDS has almost no significant effect on *, in contrast to the conclusions drawn from the conventional Terzaghi-Voigt analysis.
(Notably, the deviation in estimation of * is greater than that of , which is attributed to the possible error introduced in the estimate of parameter F. Although the error might be large, the trend for adding SDS is still different from that for CTAB.)
As a result, in this specific case, neglecting the ternary consolidation stage would introduce errors in estimating the creep factor, but give a fairly good estimate of the contribution of the secondary consolidation.
DISCUSSIONS
The surfactant addition is an aid to sludge dewatering during the filtration stage (Fig. 2) . A lower resistance to filtration might be attributed to the larger aggregates' size, looser packing (higher porosity), less fine particle retention, less compressible cake structure, and other factors. As Fig. 3 reveals, the cake volume increases with increasing SDS dosage amount, which correlates well with the ␣ av data depicted in Fig. 2 . The presence of SDS molecules can thereby yield a looser cake. However, the interaction between CTAB molecules and the sludge flocs are complicated, as well as the dependence on filtration resistance depicted in Fig. 2 .
Dissipation of excess pore water and the collapse of cake global structure dominate the primary consolidation. A greater value of (1ϪB*ϪF ) thereby denotes a weaker intra-aggregate strength. The secondary consolidation is usually interpreted as readjustment of constituent particles to a more stable configuration, whose rate is mainly controlled by shearing the highly viscous film of adsorbed water surrounding the particles' surfaces (19) . A lower value (harder to creep) corresponds to a stronger inter-aggregate strength, while the greater B value indicates a higher intra-aggregate strength (13) (14) . The mechanism of the ternary consolidation is proposed as the erosion of the tightly bound water from the sludge particle (16) . Consequently, a greater F value reveals a larger amount of tightly bound moisture in sludge, while an increasing * c reflects the tighter binding of the moisture in the ternary consolidation stage.
As Figs. 5 and 6 reveal, the CTAB molecules have weakened the inter-aggregate strength (higher *), but have not affected the intra-aggregate strength (nearly constant B*). On the other hand, the presence of SDS would not affect the inter-aggregate strength (nearly constant *), but has certain effects on the intra-aggregate strength (diminishing B*). CTAB carries the opposite sign of charge to the sludge flocs. The adsorption of CTAB is electrostatically favorable, which would neutralize local charges. Without the net charge on the particle surface the passage of some particles across its neighboring particles would become easier (greater * in Fig. 6 ) (13) . The forces driving the adsorption of SDS should not be electrostatically related, but may have an origin in hydrophobic interaction, say. The more negative surface charge created would retard the passage of particles, thereby yielding a lower * in Fig. 6 . 1 also lists the relative moisture removal during primary, secondary, and ternary consolidation stages, (1 Ϫ B* Ϫ F, B*, F). Apparently, the addition of CTAB has a negligible effect on the relative contributions of different consolidation stages. We herein had no clues for the decrease in filtration resistance. An easier aggregation of fine particles with flocs with lower surface charge may account for this.
However, the presence of SDS had significantly increased the contribution of the ternary consolidation (F), by suppressing mainly the primary consolidation stage. Restated, SDS transforms some pore moisture into the tightly bound moisture in the sludge cake. The relatively more rigid cake structure for SDS-containing sludge cake (almost no primary consolidation exists) may correlate with the greater cake volume (Fig. 3) and the lower resistance to filtration (Fig. 2) .
The total consolidation time * c (listed in Table 1 ) decreases with CTAB but increases with SDS. The increase in F value accompanies the greater total consolidation time. Table 1 also lists the bound water contents of sludge. The definition of bound water in sludge is the remaining moisture in the cake after consolidation at 3000 psi (20) . As Table 1 lists, the original and CTAB-containing sludge all exhibit a bound water of approximately 2.7 kg/kg dry solid. It seems that the interactions between the CTAB molecules and the sludge flocs are limited to the outer layer of the aggregates, which reduces the surface charge and enhances creeping but affects the moisture distribution. On the other hand, the SDS molecules could bind more pore moisture onto the particle aggregates, along with which the elasticity of cake almost diminishes. The bound water content in SDS-containing sludge markedly increases. Together with the observation that SDS has almost no effect on the status of absorbed surface water (particle creeping), SDS molecules seem to interact mainly with the interior rather than the surface of the particle aggregates.
As a final note, the presence of CTAB is favorable for filtration and consolidation dewatering, and can therefore be employed as a conditioning aid. SDS, nevertheless, can be used to enhance filtration efficiency alone. The applications to the consolidation stage are not encouraged.
CONCLUSIONS
In this work the characteristics of filtration followed by consolidation dewatering and the water content of surfactantcontaining sludge were experimentally investigated at a pressure of 3000 psi. Both cationic (CTAB) and anionic (SDS) surfactants enhance the filtration efficiency; however, the former increases the consolidation rate while the latter retards it. A newly proposed rheological model by Chang and Lee (16) has been employed for interpreting the consolidation data. Errors can be introduced if the contribution of ternary consolidation stage is neglected, as it is in the conventional TerzaghiVoigt model. CTAB enhances particle creeping, but it does not alter the moisture distribution in the sludge. SDS increases significantly the amount of tightly bound moisture by diminishing the primary consolidation stage, but has significant effects on particle creeping. CTAB was speculated to interact mainly with the aggregates' surface while SDS, with the aggregates' interior. Both surfactants can be used as conditioning aids during the filtration stage. However, the applications of SDS to the consolidation stage are not encouraged. 
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